Vinblastine is known to affect secretory and transport functions of ameloblasts. The effects of vinblastine on distribution patterns of membrane-associated calcium and Ca2 +, Mg2 +-ATPase in maturation ameloblasts were investigated cytochemidy. The potassium pyroanthonate (PPA) method was used for localizing calcium and a modified Wachstein-Meisel medium was used to localize Ca2+,Mg+-ATPase. Ultrastructural changes induced by vinblastine included dislocated organelles and reduction or elimination of the NMed border of the ameloblasts. Membrane-associ-
Introduction
Recent reviews of mechanisms involved in amelogenesis reaffirm that many questions remain unanswered regarding control of calcium influx to developing enamel (Bawden, 1989; Warshawsky, 1988) . Various hypotheses have been proposed for transport of calcium either through the cytoplasm of the ameloblasts, within their plasma membranes, or along the intercellular spaces between the cells. Ca2+,Mg2'-ATPase has been linked with calcium transport during enamel mineralization and was localized cytochemically in association with the plasma membranes of secretory (Salama et al., 1987; Sasaki and Garant, 1986; Crenshaw and Takano, 1982; Inage and Weinstock, 1979) and maturation (Salama et al., 1987; Takano and Akai, 1987) ameloblasts. Previous investigations have demonstrated calcium in association with ameloblast cell membranes and various organelles, using potassium pyroantimonate cytochemistry (Eisenmann et al., 1979; Appleton and Morris, 1979; Reith and Boyde, 1985; Kogaya and Furuhashi, 1988) . This technique has recognized limitations (Von Zglinicki and Punkt, 1986) but its value has been confirmed for investigating changes in cellular calcium distribution under properly controlled conditions (Suzuki and Sugi, 1989; Wick and Hepler, 1980 correlation exists between calcium distribution along ameloblast cell membranes and Ca2',MgZ'-ATPase activity during periods of altered enamel mineralization (Eisenmann et al., 1990a,b; Salama et al., 1989) . Although membrane-associated calcium was reduced by both cobalt and colchicine, neither had any detectable inhibitory effect on Ca2',Mg2+-ATPase. Vinblastine, an anti-microtubule drug, was found in a preliminary study to reduce both membraneassociated calcium and Ca2+,Mg2'-ATPase activity (Eisenmann et al., 1990b) . The study reported here was for the purpose of further investigating a possible correlation between membrane-associated calcium and Ca2',Mg2+-ATPase activity in early maturation ameloblasts of the rat incisor.
Materials and Methods
Twelve Sprague-Dawley rats weighing 100-150 g were injected intraperitoneally with 4.0 mg/kg vinblastine sulfate either 2 or 4 hr before sacrifice with an ether overdose. Six of the vinblastine-injected rats and two uninjected controls were perfused for 5 min with 1.4% glutaraldehyde in 0.1 M cacodylate buffer and 5 % sucrose, pH 7.2. The upper and lower incisors and associated alveolar bone were dissected free and a mid-sagittal slice 0.7-0.9 mm thick was cut through each incisor on a Leitz precision saw microtome. The slices were placed in fresh batches of the same fixative for 1 hr at 4"C, then demineralized in 50 mM EGTA at the same temperature for 48 hr. The regions representing the early maturation stages of enamel formation in the demineralized slices were cut into thin cross-sections under a dissecting microscope. These cross-sections were processed for Ca2',Mg2'-ATPase cytochemistry using a modified Wachstein-Meisel (1957) method as previously described (Salama et al., 1987) . They were incubated at 37'C for 60 min in the following medium: 0.82 mM ATP disodium salt as substrate, 80 mM Tris-maleate buffer, pH 7.2, with 5oh sucrose, 5 mM MgSO4, 5 mM CaC12, 2 mM CeC13, as the capture ion, with fresh change of the medium after 30 min. Enzyme cytochemistry control sections were incubated in a complete medium to which was added one of the following enzymespecific inhibitors: for alkaline phosphatase, 1 and 5 mM levamisole; for Na',K'-ATPase, 0.1 and 1 mM oubain. Additional controls were incubated in a medium without substrate.
The remaining six vinblastine-injected rats and five uninjected controls were perfused with 2% glutaraldehyde in 0.05 M PPA. Mid-sagittal slices were prepared as described above and fixed by immersion for an additional hour in fresh batches of the same fixative. They were post-fixed in 1% osmium tetroxide containing 0.05 M PPA. Large survey sections of entire incisors were prepared by a previously described method (Weber et al., 1982) of one upper and one lower incisor from each animal for light microscopic examination. The other two incisors were dehydrated and embedded in Durcupan-ACM (Fluka; Hauppauge, NY) for transmission electron microscopy. Thin sections were stained with lead citrate and uranyl acetate and examined in a Philips 301 electron microscope.
Results

Morphological ana' Calcium Cytochemistry Findings
Light microscopic examination of all uninjected specimens revealed a pattern of maturation ameloblasts consistent with previously reported descriptions of unaltered cells of amelogenesis. Ruffleended ameloblasts had the typical extensive infoldings of the distal cell membrane. Vinblastine-treated specimens consistently displayed isolated regions of maturation ameloblasts with significant morphological alteration scattered between large areas with less noticeable effects of the drug (Figures 1 and 2a ). The altered regions included increased vacuolization of ameloblasts, reduction or loss of the ruffled border and, in some instances, disruption of the cell layer. Although the severity of disturbance within affected areas was greater and more extensive in the 4-hr specimens (compare the altered cells in the experimental specimen shown in Figure 2a with the unaltered morphology in the control specimen shown in Figure 2b ), substantial portions of the ameloblast layer retained an essentially normal morphology even at this time interval. Such regions were utilized for the cytochemical analyses.
Both ruffle-ended (RA) and smooth-ended (SA) maturation ameloblasts from control animals displayed a normal ultrastructural appearance. RA had a substantial accumulation of calcium pyroantimonate (CaPA) deposits on their cell membranes as well as in their mitochondria and in granular endoplasmic reticulum cisternae (Figures 3 and 4) . Gap junctions in the proximal and dis-tal regions of the RA were heavily labeled with CaPA, as were the cell membranes of the adjacent papillary cells (Figures 3 and 4) . As reported previously, SA had few if any membrane-associated CaPA deposits (not shown). RA from vinblastine-injected animals had few if any CaPA deposits, and in some instances they displayed a modified ruffled border as well as increased vacuolization ( Figures  5 and 6 ). Adjacent papillary cells retained a light scattering of CaPA deposits along their cell membranes ( Figure 5 ).
Ca2+, Mg2+-APase Cytochemical Fina'ingJ
The results of the enzyme cytochemical controls were similar to those previously reported (Salama et al., 1987 (Salama et al., ,1989 , i.e., no reaction product was seen in specimens incubated without substrate and reduced reaction product was observed in distal regions of RA incubated with levamisole. Oubain did not affect the pattern or intensity of the reaction product.
Control specimens, i.e., those uninjected with vinblastine, incubated in full medium or with levamisole displayed the same pattern of Ca2',Mg2+-ATPase reaction product as reported previously (Salama et al., 1987) . Control smooth-ended maturation ameloblasts (SA) had a substantial labeling of reaction product over their lateral cell membranes as well as a heavy layer on the surface of adjacent enamel (Figure 7 ). Experimental specimens 2 hr after vinblastine injection showed minimal morphological changes, but reaction product was virtually absent from the cell membranes of SA ( Figure 8 ). The same was true after 4 hr.
The distal ends of RA ( Figure 9 ) showed a marked diminution in reaction product 2 hr after vinblastine injection, as compared with uninjected controls (Figure 10 ). The decrease was especially noticeable in relation to the lateral cell membranes as well as the proximal portions of the ruffled border profiles. Little if any morphological change was observed in the vinblastine-injected specimens as compared with the controls at this time interval.
RA from specimens taken 4 hr after vinblastine injection showed morphological evidence of the effects of the drug, including accumulation of secretory granules near the proximal end of the cell (Figure 11 ). There was also a marked reduction in Ca2+,Mg2'-ATPase associated with these cells and adjacent papillary cells ( Figure  11 ) as compared with uninjected controls (Figure 12 ). The distal ends of vinblastine treated RAs displayed a reduction in ruffled border profiles and a distension of mitochondria ( Figure 13 ). There was also a marked reduction in intensity of reaction product over the ruffled border and enamel surface layer (Figure 13 ) as compared with uninjected controls (Figure 14 ).
Discussion
Previous studies of enamel development have revealed that the greatest amount of mineral uptake and protein loss (Robinson et 1 al., 1977,1978,1981a,b) and the greatest intensity of cytochemically reactive lysosomal activity (Salama et al., 1990) occur during the early maturation phase. This region of heavy calcium influx to enamel was chosen for investigation of a possible link between Ca2+,Mg2+-ATPase activity and control of calcium transport by maturation ameloblasts. Maturation ameloblasts undergo cyclic changes in their morphology and are referred to as either ruffleended or smooth-ended Uosephsen and Fejerskov, 1977; Boyde and Reith, 1976; Warshawsky and Smith, 1974; Suga, 19S9) on the basis of cytological differences in their distal cell membranes. The cells modulate between these two cell types from the transitional to the pigmentation stage of enamel development. Considerable evidence supports the view that RA exert more influence over mineral uptake in adjacent enamel than SA. This has been demonstrated autoradiographically (McKee et al., 1987; Takano et al., 1982a,b; Reith and Boyde, 1981) and histochemically (Takano et al., 1988) . The regions of enamel showing the greatest uptake of 45Ca, which is believed to be incorporated into hydroxyapatite, are adjacent to RA (Takano et al., 1982b; Reith and Boyde, 1981) . RA contain greater calcium levels than SA, as demonstrated by energydispersive X-ray spectometry (Ashrafi et al., 1989) and by potassium pyroantimonate cytochemistry (Eisenmann et al., 1990a,b; Kogaya and Furuhashi, 1988) .
Ca2+,Mg2'-ATPase has been demonstrated both cytochemically (Salama et al., 1987; Takano and Akai, 1987) and immunohistochemically (Borke et al., 1990) in maturation ameloblasts. The distribution pattern of the enzyme in RA (lateral cell membranes and proximal portions of the ruffled border) was maintained after incubation with levamisole although the intensity was reduced (Salama et al., 1987) . SA displayed reaction product on lateral cell membranes but not on the distal membranes. Vanadate, a potent inhibitor of Ca2',Mg2+-ATPase, caused a marked reduction in the uptake of 45Ca in RA-associated enamel (Takano et al., 1987a) whereas levamisole, a potent inhibitor of alkaline phosphatase, had no such effect (Takano et al., 1987b) . These studies lend support to a role for Ca2',Mg2'-ATPase in the regulation of calcium transport for enamel mineralization.
Vinblastine, an antimicrotubule drug, caused a decrease of ruffled membrane and microtubules in RA of rat incisors after 2 hr and near elimination after 8 hr (Akita et al., 1983) . Vinblastine also caused marked alterations in the banding demonstrated by glyoxal bis (2-hydroxyanil) (GBHA) and 45Ca distribution on maturation enamel surfaces (McKee and Warshawsky, 1986) . GBHA stains loosely bound calcium that has not yet been incorporated into hydroxyapatite. It has been demonstrated that the GBHA-stained bands are associated with SA (McKee and Warshawsky, 1986; Takano et al., 1982a) . The wider bands that are heavily labeled with 45Ca are associated with RA. The widening of the GBHA bands and the much weaker and less distinct labeling by 45Ca caused by vinblastine resulted from prevention of the modulation of SAs into RAs by inhibition of the formation of microtubules and ruffled borders (McKee and Warshawsky, 1986) .
Ultrastructural examination of RA under the influence of vinblastine revealed translocation of secretory granules and a shortening of the ruffled border at 3 hr and loss of the ruffled border after 6 hr, while SA were undergoing degeneration ( U u m a et al., 1987) .
Our observations of a marked decrease in Ca2',Mg2'-ATPase activity in RA, along with a marked reduction in membrane-associated calcium, correlate well with previous studies demonstrating interference by vinblastine with the normal cyclic pattern of influx of calcium to maturation enamel (McKce and Warshawsky, 1986) . This lends further support to a role for these cells in control of calcium availability to adjacent enamel.
There are several mechanisms by which vinblastine may exert it effects on these cells. It has been demonstrated in various secretory cells (including secretory ameloblasts) that vinblastine inhibits migration of glycoproteins from the Golgi to the cell membrane, of which they form an integral part (Bennet et al., 1984) . The distribution of another enzyme (alkaline phosphatase) was altered in intestinal absorptive cells by vinblastine (Hasegawa et al., 1987) . This membrane glycoprotein, which is normally concentrated in microvilli, was redistributed to other regions. There is also evidence that vinblastine has a specific a c t on calmodulin-dependent Ca2'-ATPase (Gietzen et al., 1982) . Vinblastine inhibited this enzyme, as well as calcium transport into inside-out vesicles of red blood cells, whereas a similar dose of colchicine had no effect (Giet-Zen et al., 1982) . This lack of effect is similar to our previous observation that colchicine did not alter Ca2',Mg2'-ATPase activity in ameloblasts (Eisenmann et al., 1990a,b) .
Although Ca2',Mg2'-ATPase activity was essentially eliminated in SA in our study, it is difficult to relate this observation to calcium transport because of the lack of evidence implicating these cells in this activity. The enzyme associated with SA cell membranes may be involved in more limited functions, such as maintenance of a low cytosolic (free) calcium ion concentration. Bawden (1989) reviewed the various hypotheses concerning ameloblast regulation of calcium transport. For the calcium pump hypothesis (calcium transport enzymes) to be viable, leakage into the cell across proximal membranes must exceed the rate of enzymecontrolled extrusion, whereas the opposite must occur at distal ends Figure 13 . Distal end of RA 4 hr after vinblastine. The specimen was incubated with 5 mM levamisole. There are marked modifications of the ruffled membrane profiles, including a significant reduction in this cell membrane specialization (arrows). Mitochondria are somewhat smaller but the remainder of the cell appears to be normal. Only modest amounts of CA2+,M$+-ATPase reaction product are present over the ruffled border membranes, and the lateral cell membranes are essentially devoid of evidence of enzyme activity. The enamel surface layer has little reaction product. Bar = 1 pm. Figure 14 . Distal end of RA from uninjected control processed in the same manner as the specimen illustrated in Figure 13 . Substantial reaction product is present in association with a well-developed ruffled border, as well as over the enamel surface layer. The ruffled border profiles are more numerous and extend deeper into the cell than those in Figure 13 . Bar = 1 pm.
EISENMA", SALAMA, ZAKl which are in contact with mineralizing enamel. This was considered to be feasible in light of the lower concentration of calcium (lo-> M) in enamel fluid (Aoba and Moreno, 1987) as compared with extracellular fluid adjacent to the portions of the cell proximal to the distal junctional complexes. Our observations of reduced enzyme activity and membrane-associated calcium in the distal region of RA, along with previous reports of vinblastineinduced interference with influx of 4sCa to enamel adjacent to RA, lend support to this calcium pump hypothesis. Takano 
